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Background: Selective serotonin reuptake inhibitors (SSRIs) are used for the treatment of mood and anxiety disorders.
Results: SSRIs inhibit insulin action and secretion, promote the unfolded protein response, and induce apoptosis of pancreatic
� cells.
Conclusion: SSRIs inhibit insulin signaling and beta cell function.
Significance: SSRIs might accelerate the transition from an insulin-resistant state to overt diabetes.

Selective serotonin reuptake inhibitors (SSRIs) are antide-
pressants used for the treatment ofmood and anxiety disorders.
Here, we demonstrate that incubation (2 h) of murine islets or
Min6� cell line with the SSRIs paroxetine, fluoxetine, or sertra-
line inhibited insulin-induced Tyr phosphorylation of insulin
receptor substrate (IRS)-2 protein and the activation of its
downstream targets Akt and the ribosomal protein S6 kinase-1
(S6K1). Inhibition was dose-dependent with half-maximal
effects at �15–20 �M. It correlated with a rapid dephosphory-
lation and activation of the IRS kinase GSK3�. Introduction of
GSK3� siRNAs eliminated the inhibitory effects of the SSRIs.
Inhibition of IRS-2 action by 30 �M SSRI was associated with a
marked inhibition of glucose-stimulated insulin secretion from
murine and human pancreatic islets. Secretion induced by basic
secretagogues (KCl and Arg) was not affected by these drugs.
Prolonged treatment (16 h) of Min6 cells with sertraline
resulted in the induction of inducible nitric oxide synthase; acti-
vation of endoplasmic reticulum stress, and the initiation of the
unfolded protein response, manifested by enhanced transcrip-
tion of ATF4 and C/EBP homologous protein. This triggered an
apoptotic process, manifested by enhanced caspase 3/7 activity,
which resulted in� cell death. These findings implicate SSRIs as
inhibitors of IRSprotein function and insulin action through the
activation of GSK3�. They further suggest that SSRIs inhibit
insulin secretion; induce theunfoldedprotein response; activate
an apoptotic process, and trigger � cell death. Given that SSRIs
promote insulin resistance while inhibiting insulin secretion,
these drugs might accelerate the transition from an insulin-re-
sistant state to overt diabetes.

Antidepressants are widely used for the treatment of mood
and anxiety disorders. There are several classes of antidepres-
sants, all affecting brain neurotransmission. Tricyclic antide-
pressants and tetracyclic antidepressants block the reuptake of
both norepinephrine and serotonin, whereas selective sero-
tonin reuptake inhibitors (SSRIs)2 (e.g. sertraline and parox-
etine) block only the serotonin transporter (1, 2).
Long term use of SSRIs is associated with an increased risk of

diabetes (3–5). This could be attributed to weight gain, a fre-
quent side effect of treatment with SSRIs (6). Weight gain that
leads to obesity is associated with an increased incidence of
hypertension, dyslipidemia, coronary artery disease, insulin
resistance, and overt diabetes (3, 7). Despite these findings, little
is known about the pathophysiology of SSRIs as direct inducers
of insulin resistance. Insulin resistance is a common patholog-
ical state in which target cells fail to respond to ordinary levels
of circulating insulin (8). Individualswith insulin resistance suf-
fer from impaired insulin action and are predisposed to devel-
oping type 2 diabetes, a 21st century epidemic (9).
Insulin action is mediated by the insulin receptor (IR), which

functions as Tyr-specific protein kinase (10). IR engages with a
set of intracellular adaptor proteins that modulate its biological
activity. Major among them are the insulin receptor substrate
(IRS) proteins, IRS-1 and IRS-2, which integrate many of the
pleiotropic effects of insulin. IRS proteins undergo phosphory-
lation on multiple Tyr residues that serve as a docking sites for
SH2-containing proteins similar to the p85� regulatory subunit
of PI3K, which further propagates insulin signals (11, 12). IRS
proteins play a key role in growth and survival of pancreatic �
cells. Irs2�/� mice develop diabetes 8–10 weeks after birth due
to reduced � cell mass and impaired � cell function (13). Con-
versely, � cell-specific expression of Irs2 promotes � cell
growth, survival, and insulin secretion and prevents diabetes in
Irs2�/� mice, obese mice, and streptozotocin-treated mice
(14). IRS-2-mediated signaling also protects� cells fromunder-
going apoptosis (15).
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IRSproteins containover eightypotential Ser/Thrphosphor-
ylation sites for kinases like protein kinas A, PKC, AMPK,
GSK3�, IKK�, and JNK (reviewed in Refs. 16 and17). We have
previously shown (18, 19) that insulin-induced Ser/Thr phos-
phorylation of IRS proteins dissociates them from the IR, pre-
vents their Tyr phosphorylation, and inhibits their interactions
with downstream effectors. This serves as a physiological feed-
back control mechanism, utilized by insulin and insulin-like
growth factor-1, to turn off signaling cascades.However, induc-
ers of insulin and insulin-like growth factor-1 resistance take
advantage of this mechanism. By triggering the phosphor-
ylation of IRS proteins on inhibitory Ser/Thr sites, they lead to
the uncoupling of the IRS proteins from IR or insulin-like
growth factor-1 receptor and thus inhibit their biological activ-
ities (16, 17). Indeed, increased Ser phosphorylation of IRS pro-
teins has been observed as a result of hyperglycemia (20), after
treatment of cells with activators of PKC (21–23), or after incu-
bation of cells with proinflammatory cytokines (18, 24–28).
These results implicate IRS kinases activated by inducers of
insulin resistance as potential inhibitors of IRS proteins func-
tion (16, 17).
In addition to their action on IRS proteins, certain inducers

of insulin resistance disrupt the homeostasis of the endoplas-
mic reticulum (ER) and trigger the activation of the unfolded
protein response (UPR) (24–27). The latter serves to reduce ER
stress through attenuation of protein translation and through
activation of transcriptional programs that ultimately increase
ER protein folding and maturation (28). However, prolonged
and severe ER stress activates the apoptosis program, which is
executed by a number of transcription factors such as CHOP
(29). Because of their high rate of protein synthesis, � cells are
particularly susceptible to ER stress leading to CHOP expres-
sion and apoptosis (24, 30).
We have previously shown that SSRIs act as inducers of

insulin resistance through the promotion of Ser/Thr phospho-
rylation of IRS-1 (31). In the present study, we set to investigate
whether SSRIs affect IRS-2 and � cell function.We could dem-
onstrate that short term treatment with selected SSRIs
increases Ser/Thr phosphorylation of IRS-2, mediated by
GSK3�. This inhibits IRS-2 functions and impairs glucose-
stimulated insulin secretion frommurine pancreatic islets. We
could further show that long-term treatment with these drugs
induces ER stress, followed by activation of theUPR that results
in cellular apoptosis. These findings implicate SSRIs as poten-
tial inducers of insulin resistance and death of pancreatic �
cells.

EXPERIMENTAL PROCEDURES

Materials—Insulin, fluoxetine, sertraline, collagenase (type
XI), and protease inhibitor mixture were from Sigma. Parox-
etine maleate was from Tocris Bioscience (Ellisvile, MO).
Hank’s solution, DMEM, and RPMI were from Biological
industries (Beit Haemek, Israel). Protein A-agarose beads were
from Santa Cruz Biotechnology (Santa Cruz, CA). GSK3�
inhibitor (BIO) X was from EMD Chemicals (San Diego, CA).
Enzolyte-caspaseTM RH110 caspase 3/7 assay kit was from
AnaSpec, Ltd. (San Jose, CA). Mouse insulin ELISA kit was

fromMercodia (Uppsala, Sweden). CellTiter-Blue assay kit was
from Promega.
Antibodies—Monoclonal p-Tyr (PY-20) antibodies were

from BD Biosciences. Monoclonal phospho-Akt (Thr-308),
polyclonal phospho-S6K1 (Thr-389), monoclonal GSK3�,
polyclonal phospho-c-JUN (Ser-63), polyclonal phospho-
SAPK/JNK (Thr-183/Tyr-185), and polyclonal SAPK/JNK
antibodies were from Cell Signaling Technology, Inc. (Beverly,
MA). Polyclonal PI3K p85�, actin, and Akt antibodies were
from Santa Cruz Biotechnology. Polyclonal phospho-p38
MAPKantibodieswere fromR&DSystems (Minneapolis,MN).
Polyclonal IRS-2 antibodies were generated as described (18).
Polyclonal phospho-ERK MAPK and p38 MAPK were kindly
provided by Rony Seger (Weizmann Institute). Goat anti-rab-
bit, anti-mouse, anti-goat, and anti-donkey antibodies were
from Jackson ImmunoResearch Laboratories (West Grove,
PA).
Mice—Male C57BL/6J (age 8–10 weeks) mice were housed

under standard light/dark conditions and were given access to
food and water ad libitum. Experiments were approved by the
Animal Care and Use Committee of theWeizmann institute of
Science.
Treatment of Cells and Preparation of Cell Extracts—Mouse

insulinoma (Min6) cells were grown in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% FBS to
70–80% confluence. Cells were then incubated with the indi-
cated drug and/or insulin. Treated cells were washed three
times with PBS and were harvested in buffer A (25 mM Tris-
HCl, 2 mM sodium orthovanadate, 0.5 mM EGTA, 10 mM NaF,
10 mM sodium pyrophosphate, 80 mM �-glycerophosphate, 25
mMNaCl, 1%TritonX-100, protease inhibitormixture (diluted
1:1,000, pH 7.4). Cell extracts were centrifuged at 20,000� g for
15 min at 4 °C, and the supernatants were collected. Samples
(40–150 �g) were mixed with 5� Laemmli sample buffer,
boiled, and resolved by 8% SDS-PAGE under reducing condi-
tions. The proteins were transferred to nitrocellulose mem-
brane for Western blotting with the different antibodies.
Immunoprecipitation—Protein A-agarose beads were washed

with ice-cold 0.1 M Tris-HCl (pH 8.0) and were incubated with
polyclonal IRS-2 antibodies in 0.1 MTris-HCl (pH 8.0) for 4 h at
4 °C. Supernatants (centrifuged at 12,000� g) of cell extracts in
buffer A, containing 0.8–1.2 mg of protein, were incubated
overnight at 4 °C with the immobilized antibodies. Immuno-
complexes were washed three times with buffer A and were
mixed with Laemmli sample buffer.
Transfection of siRNAs—Chemically synthesized, double-

strand siRNAs (SMARTpools) targeting mouse JNK1/2 (NM_
016700/016961) and GSK3� (NM_019827) as well as a control
(non targeting) siRNA were purchased from Dharmacon
(Lafayette, CO). Min6 cells were transiently transfected with
siRNAs using Dharmafect transfection reagent (version 4,
Dharmacon). 48 h post-transfection cells were deprived of
serum for additional 14 h before being incubated with the indi-
cated drug and/or insulin.
Mass Spectrometry Analysis and Nano-LC-ESI-MS/MS—

Analysis was carried out as described in the supplemental data.
Isolation of Murine Islets—Murine islets were isolated as we

described (32, 33). In brief, digested pancreata were filtered
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through a 1000-�m and 500-�m sieves and islets �75 and
�250 �m were handpicked under a stereoscope. Islets were
cultured in RPMI 1640 medium, 5 mM glucose, 10% FCS, 50
units/ml penicillin, 50 �g/ml streptomycin, and 40 �g/ml gen-
tamycin and were used within 48 h following isolation.
Culture of Human Islets—Isolated human islets (�90%

purity) were provided by the European Consortium for Islets
Transplantation (Islet for Basic Research program) through
Juvenile Diabetes Research Foundation Award 31-2008-413.
Islets were cultured at 37 °C in a 5% CO2 humidified atmo-
sphere in CMRL 1066medium containing 10% (v/v) FBS, 2 mM

L-glutamine, 100 units/ml penicillin, 100 �g/ml streptomycin,
0.25 �g/ml amphotericin, and 40 �g/ml gentamycin. The
medium was changed every other day. Human islets studies
received Ethics Committee approval.
Generation of Adenoviral Constructs Expressing Myc-tagged

IRS-2—Adenoviral constructs were generated as we described
(32) according to the protocol provided by AdEasy vector sys-
tem (Quantum). Briefly, cDNA encoding Myc-IRS-2 was
ligated into the shuttle plasmid pAdTrack-CMV, which con-
tains a GFP cassette driven by an independent promoter that
served as a tracing marker. The recombinant pAdTrack-CMV
was co-transformedwith pAdEasy-1 containing the adenovirus
genome, into Escherichia coli strain BJ5183, where homologous
recombination took place. Positive colonies were identified by
restriction analysis. The recombinant pAdEasy-1-CMV-IRS-2
plasmids were transfected into HEK293 cells, and viruses were
amplified according to themanufacturer’s instructions. Viruses
were stored at �80 °C at a viral titer of � 1010 pfu/ml.
Infection with Adenoviral Constructs—Murine islets (50–60

islets/treatment) were cultured in 35-mm extracellular matrix-
coated plates (Novamed, Jerusalem). A 24-h post culturing
islets were infected with adenoviral constructs (multiplicity of
infection, 600) for the indicated times. Treatmentswere applied
up to 72-h post infection.
Glucose-stimulated Insulin Secretion—Min6 cells or primary

mouse and human islets were incubated for 60 min with 0, 2.5,
or 3.3 mM glucose, respectively, in KRBH buffer (124 mMNaCl,
5.6 mM KCl, 2.5 mM CaCl2, and 20 mM Hepes, pH 7.4). Cells
were then incubated for 60 min at 37 °C with 20.0, 22.5, or 16.7
mM glucose for Min6 cells or mouse or human islets, respec-
tively. Cellular insulin content and the content of insulin
secreted to the medium were determined using Mercodia
ELISA kits (Uppsala, Sweden).
Caspase Activity—Apoptosis was determined by caspase 3/7

activity kit (Enzolyte-caspase 3-RH110, AnaSpec, Ltd.) using
fluorescent microplate reader excitation/emission � 496/520
nm.
Cellular Reducing Power—Cellular reducing power was

determined using the CellTiter-Blue assay kit (Promega) using
fluorescent microplate reader excitation/emission � 480/530
nm.
Quantitative Real-timePCR—RNAwas extracted fromMin6

cells using the PerfectPure RNA kit (5Prime), and first-strand
cDNA was generated by cDNA reverse transcription kit
(Applied Biosystems).Quantitative detection of specificmRNA
transcripts was carried out by real-time PCR using ABI-PRISM
7300 instrument (Applied Biosystems) using SYBR green PCR

mix (Invitrogen) and the following primers: inducible nitric oxide
synthase (mouse), 5�-GCCCTGCTTTGTGCGAAGTG-3� (for-
ward); 5�-AGCCCTTTGTGCTGGGAGTC-3� (reverse); ATF4
(mouse), 5�-CCTTCGACCAGTCGGGTTTG-3� (forward) and
5�-GTCGCTGGAGAACCCATGAG-3� (reverse); CHOP (mouse),
5�-GCAGGAGAACGAGCGGAAAG-3� (forward) and 5�-
CTGACCATGCGGTCGATCAG-3� (reverse). Actin was as
follows: (mouse), 5�- GGCCAACCGTGAAAAGATGA-3� (for-
ward) and 5�-CACAGCCTGGATGGCTACGT-3� (reverse).
Data were normalized for the content of actin mRNA.
Flow Cytometry—Min6 cells were stained for PI and annexin

V using the annexin V-FLUOS staining kit (Roche Applied Sci-
ence). Cells were filtered through 72-�m sieves, and flow
cytometry was performed on a two-laser, FACSCalibur (BD
Biosciences). Data were analyzed with BD Cellquest Pro
software.
Densitometry and Statistical Analysis—The intensity of

bands in autoradiograms was determined by densitometry that
was carried out on exposures within the linear range. Graphic
analysis was performedwith NIH image software. Intensities of
phosphorylated proteins were normalized relative to their total
protein expression levels. Results are presented asmeans� S.E.
Differences between experimental conditions were determined
by two-tailed Student’s t test. *, **, and *** correspond to p �
0.05, 0.01, and 0.001, respectively.

RESULTS

Sertraline Inhibits Insulin-induced Tyr Phosphorylation of
IRS-2 and Its Coupling with Downstream Effectors—To investi-
gate the effects of SSRIs on insulin signaling, Min6, an estab-
lished � cell line (34), was studied. Cells were incubated with
sertraline, a widely used SSRI (35), for 2 h before being stimu-
lated for 10minwith insulin (10�M). Sertraline (10–30�M) did
not affect the cellular content of IRS-2 (Fig. 1A); however, it
significantly inhibited (40–60%) both basal and insulin-stimu-
lated Tyr phosphorylation of IRS-2. This was evident in total
cell extracts (Fig. 1A) and in IRS-2 immunoprecipitation (Fig.
1B). Other SSRIs, paroxetine and fluoxetine, exerted similar
effects albeit at higher concentrations (50–75 �M, data not
shown). Sertraline also affected IRS-2 coupling with its down-
stream effectors. As shown in Fig. 2A, the amount of p85� that
co-immunoprecipitatedwith IRS-2was reduced by 52� 13% in
sertraline-treatedMin6 cells. Similarly, sertraline inhibited in a
dose-dependent manner, both basal and insulin-induced phos-
phorylation ofAkt and S6K1 (Fig. 2B), suggesting that it inhibits
the coupling of IRS-2 with its downstream effectors.
Activation of MAPK Family Members and GSK3� by SSRIs—

The stress-activated kinase, JNK, inhibits the activity of IRS
proteins through Ser/Thr phosphorylation (36). We have pre-
viously shown that SSRIs stimulate JNK in C6 glioma, neuro-
blastoma and Fao rat hepatoma cells (31, 37). Consistent with
these findings, a 2-h incubation ofMin6 cells with sertraline (30
�M) activated JNK by�7.5-fold, whereas paroxetine and fluox-
etine at higher concentrations (50–100 �M) activated JNK by
3.5–4.5-fold, compared with untreated cells (Fig. 3A). An
inverse correlation existed between Tyr phosphorylation of
IRS-2 and the activation of JNK. The highest negative correla-
tion was found upon treatment with sertraline (R2 � 0.93),
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whereas treatment with paroxetine and fluoxetine have shown
lower correlations (R2 � 0.79 and R2 � 0.78, respectively) (Fig.
3B).
To explore the effects of SSRIs on other members of the

MAPK family, the activation of ERK and p38 MAPK were
investigated. As shown in Fig. 4A, sertraline (30 �M) activated
p38 MAPK, with maximal effects being observed at 60 min.
ERKwas not activated by sertraline; rather, its basal activity was
inhibited following treatment with the drug. Similarly, sertra-
line inhibited the basal phosphorylation ofGSK3� in a time-de-
pendent manner, thus increasing its activity. The increased
activity of p38, JNK, and GSK3� accompanied the decreased
Tyr phosphorylation of IRS-2 and the reduced activation of its
downstream effectorAkt, whichwere evident following 60-min
treatment with sertraline and were further decreased following
120-min treatment with the drug (Fig. 4B).
siRNAs to GSK3�, but Not to JNK, Attenuate the Inhibitory

Effects of SSRIs on Insulin Signaling—To directly evaluate the
role of JNK and GSK3� as mediators of the inhibitory effects of
sertraline, siRNAs directed to these proteins were introduced
into Min6 cells, prior to sertraline treatment. As shown in Fig.

5A, the siRNAs partially inhibited the expression of GSK3� and
JNK (�35 and 45%, respectively). However, whereas the
reduced expression of GSK3� eliminated the inhibitory effects
of sertraline on Tyr phosphorylation of IRS-2 (and the activa-
tion ofAkt) (Fig. 5B), the siRNAs to JNK failed to do so (Fig. 5C).
Similar results were obtained following immunoprecipitation
of the cell extracts with IRS-2 antibodies (Fig. 5D). These obser-
vations implicate GSK3� as a downstream target of sertraline,
although the role of JNK cannot be completely ruled out due to
the only partial inhibition of its transcription by its siRNA.
Sertraline Induces Ser/Thr Phosphorylation of IRS-2—All of

the above results were consistent with the hypothesis that ser-
traline induces Ser/Thr phosphorylation of IRS-2. To provide a
direct proof to this concept, IRS-2 immunoprecipitated from

FIGURE 1. Sertraline inhibits insulin-induced Tyr phosphorylation of
IRS-2 in MIN6 cells. MIN6 cells were deprived of serum and glucose for 14 h.
The cells were then incubated with sertraline at the indicated concentrations
for 2 h at 37 °C and were further stimulated with 10 �M of insulin for 10 min.
A, total cell extracts (80 �g) were prepared, and samples were resolved by
SDS-PAGE and immunoblotted with anti-phospho-Tyr (�pY) or anti-IRS-2
antibodies as indicated. B, total cell extracts were immunoprecipitated with
anti-IRS-2 antibodies; samples (800 �g) were resolved by SDS-PAGE and were
immunoblotted (IB) with anti-phospho-Tyr or IRS-2 antibodies. Bar graphs
represent mean � S.E. of densitometry measurements of at least three inde-
pendent experiments in duplicates. ***, p � 0.001 compared with insulin
stimulated control. A.U., Arbitrary Units.

FIGURE 2. Uncoupling IRS-2 from its downstream effector p85� and inhi-
bition of Akt and S6K1 by sertraline. Min6 cells were treated as described in
the legend to Fig. 1. A, total cell extracts (800 �g) were immunoprecipitated
with anti-IRS-2 antibodies. Samples were resolved by SDS-PAGE and were
immunoblotted with anti IRS-2 or anti-p85 antibodies. B, total cell extracts
were resolved by SDS-PAGE and immunoblotted (IB) with anti-pAkt, Akt,
pS6K1, or actin antibodies. Bar graphs represent mean � S.E. of densitometry
measurements of at least three independent experiments in duplicates. *, p �
0.05. ***, p � 0.001 compared with insulin-stimulated controls.
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control and sertraline-treated cells were subjected to tandem
mass spectrometric analysis (MS/MS). As shown in Fig. 6 (bot-
tom), sertraline selectively increased the phosphorylation of at

least 15 Ser/Thr residues. This number is an underestimation
due to incomplete coverage of the IRS-2 protein subjected to
analysis (Fig. 6, top).

FIGURE 3. Correlation between Tyr phosphorylation of IRS-2 and stimulation of JNK activity. A, Min6 cells were deprived of serum and glucose for 14 h
prior to the experiment. Cells were incubated at 37 °C with the indicated drugs at the indicated concentrations for 2 h. Total cell extracts (60 �g) were prepared;
samples were resolved by SDS-PAGE and immunoblotted (IB) with anti-pJNK or anti-JNK antibodies as indicated. Densitometry represents mean � S.E. of
duplicate measurements of two independent experiments. B, the correlation between the reduction in Tyr-phosphorylation of IRS-2 and the activation of JNK.
A.U., Arbitrary Units.

FIGURE 4. Effects of sertraline on GSK3� and MAPK family members. Min6 cells were deprived of serum and glucose for 14 h before being incubated at 37 °C
with sertraline (30 �M) for the indicated time (A). Cells were then further stimulated with 10 �M insulin for 10 min (B). Total cell extracts (20 �g) were prepared;
samples were resolved by SDS-PAGE and immunoblotted with the indicated antibodies. Bar graphs represent mean � S.E. of densitometry measurements of
three independent experiments done in duplicates. A.U., Arbitrary Units.
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Effects of SSRIs on Insulin Signaling in Isolated Islets—The
effects of SSRIs on insulin signaling in murine islets were stud-
ied next. The endogenous IRS-2 could be hardly detected by
Western blots of 100 isolated islets (data not shown); therefore,

infection of islets with a recombinant adenovirus harboring
Myc-IRS-2WT was required. Isolated mouse islets, expressing
Myc-IRS-2, were incubatedwith sertraline for 2 h prior to stim-
ulation for 10minwith insulin. Pretreatmentwith sertraline (30
�M) did not affect the cellular content of IRS proteins.However,
it decreased the insulin-induced Tyr phosphorylation of IRS-2
by 55%when comparedwith islets treatedwith insulin alone for
10 min (Fig. 7). Treatment with sertraline also reduced insulin-
inducedAkt phosphorylation by�70% (Fig. 7)with no effect on
the cellular content of the Akt protein. Unlike sertraline, treat-
ment with paroxetine at 75 �M failed to exert an inhibitory
effect on murine islets (data not shown).
SSRIs Inhibit Glucose-stimulated Insulin Secretion (GSIS)—

Proper action of IRS proteins is essential for � cell function and
insulin secretion (14, 38). Therefore, we examinedwhether ser-
traline affects glucose-stimulated insulin secretion. As shown
in Fig. 8, Min6 cells as well as murine and human pancreatic
islets treated for 2 h with sertraline (30 �M) exhibited normal
basal insulin secretion however their GSIS was reduced by
�50%. In contrast, glucose-independent secretion, induced by
KCl and Arg remained unaffected (Fig. 8). To determine
whether the reduced GSIS could be attributed to a reduction in
cellular reducing power, Min6 cells were treated for 75 min
with increasing doses of sertraline. As shown in Fig. 9A, sertra-
line at 30 �M, the concentration that inhibited GSIS, markedly
reduced, in a dose-dependent manner, the glucose-induced
increase in cellular reducing power, a key step in insulin secre-
tion (39). Sertraline however had no effect on the basal cellular
reducing power, required to maintain cell viability, nor did it
induce caspase 3/7 activity under these conditions (data not
shown). Similar results were obtained withmouse islets; sertra-
line (at 30�M) did not affect basal cellular reducing power (data
not shown) and failed to induce caspase 3/7 activity in islets
treated for 4 h with the drug, unlike staurosporine, which effec-
tively induced an apoptotic process (Fig. 9B). Hence, the short
term (�1 h) effects of sertraline on GSIS could be attributed to

FIGURE 5. siRNA to GSK3� protects Min6 cells from the effects of sertra-
line. A, Min6 cells were transfected with the indicated siRNA SMARTpools or
with non-targeting (NonT) control siRNAs. 48 h post-transfection, cells were
deprived of serum and glucose for 14 h, incubated with sertraline (30 �M) 1 h
at 37 °C, and then further stimulated with 10 �M of insulin for 10 min. Total cell
extracts (20 �g) were prepared, resolved by SDS-PAGE, and immunoblotted
with anti-GSK3�, actin, pc-JUN, and anti-JNK1/2 antibodies. B and C, total cell
extracts (20 �g) were prepared, resolved by SDS-PAGE, and immunoblotted
with anti-phospho-Tyr (�pY), IRS-2, pAkt, or anti-Akt antibodies. D, total cell
extracts were immunoprecipitated with anti-IRS-2 antibodies; samples (500
�g) were resolved by SDS-PAGE and were immunoblotted (IB) with anti phos-
pho-Tyr or IRS-2 antibodies. Densitometry represents mean � S.E. of dupli-
cate measurements of three independent experiments. *, p � 0.05; ***, p �
0.001 compared with controls. A.U., Arbitrary Units.

FIGURE 6. Sertraline promotes serine/threonine phosphorylation of
IRS-2 in Min6 cells. Min6 cells were deprived of serum and glucose for 14 h.
Cells were then incubated with 30 �M sertraline for 2 h at 37 °C. Total cell
extracts were immunoprecipitated with anti-IRS-2 antibodies. Samples (800
�g) were resolved by SDS-PAGE, and the band corresponding to IRS-2 was
subjected to analysis by mass spectrometry. A, coverage of IRS-2 protein sub-
jected to analysis by mass spectrometry following trypsin digestion is shown.
Blanks represent uncovered area. B, Ser/Thr sites, the phosphorylation of
which was significantly increased by sertraline. Data represent meta analysis
of three independent experiments. PH, Pleckstrin Homology domain; PTB,
Phosphotyrosine Binding Domain; KRLB, Kinase Regulatory-Loop Binding
region.
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its inhibitory action on glucose-inducedATPproduction, with-
out affecting cell viability. This inhibitory effect of sertraline
could be mediated, at least partially by GSK3� because inclu-
sion of LiCl, a specific inhibitor of GSK3� (40) partially pre-
vented this effect (Fig. 9A).
Long Term Effects of Sertraline on Cell Viability—Although

short term (1 h) treatment with sertraline did not affect cell
viability (Fig. 9), long term (16-h) incubation with the drug
induced an apoptotic process and death of Min6 cells, as evi-
dent by a significant increase in caspase 3/7 activity in cells
treatedwith 10�M sertraline for 16 h (Fig. 10A). Cellular reduc-
ing power also decreased in the presence of sertraline (Fig. 10B).
FACS analysis (Fig. 10D) further revealed that the fraction of
viable Min6 cells (Q2) decreased in a dose-dependent manner
upon 16 h treatment with sertraline (10–30 �M). Such a
decrease was accompanied by an increase in the fraction of
apoptotic (Q4) as well as dead cells (Q3). Inclusion of a GSK3�
inhibitor (LiCl) eliminated the increase in caspase 3/7 activity
and the reduction in cellular reducing power induced by sertra-

line (Fig. 10, A and B), whereas a different GSK3� inhibitor,
BIO-X, was somewhat less potent. Of interest, silencing of
JNK1/2 partially eliminated the ability of sertraline to promote
caspase activity (Fig. 10C), consistent with the idea that the
short and long term effects of sertraline might involve different
signaling pathways.
Sertraline Induces an ER Stress and the UPR in Min6 Cells—

Sustained ER stress and the resulting activation of the UPRmay
lead to the induction of an apoptotic process (41). To determine
whether sertraline triggers an ER stress response, the effects of
sertraline on ATF4 and CHOP, key elements along the UPR
signaling pathway (41), were analyzed. As shown in Fig. 11, 2-h
treatment with sertraline did not affect the mRNA levels of
ATF4 or CHOP; however, when the incubation with the drug,
even at 5 �M, was extended to 16 h, a significant increase in
mRNA levels of ATF4 and CHOP was observed. The effects of
sertraline were more modest than those of thapsigargin, a clas-
sical inducer of ER stress (Fig. 11). ER stress is induced, at least
in part, as a result of an increase in intracellular reactive oxygen
species (41). Indeed, as shown in Fig. 11, an increase in mRNA
levels of inducible nitric oxide synthase preceded the increase
in ATF4 and CHOP transcription, suggesting that prolonged
treatment (16 h) with sertraline induces inducible nitric oxide
synthase, activates an ER stress and UPR, triggers an apoptotic
process, and results in death of the Min6 cells.

DISCUSSION

In the present work, we demonstrate that selected antide-
pressants that belong to the SSRI family induce insulin resist-
ance in cultured Min6 cells and isolated murine islets. The
short term inhibitory effects of SSRIs on insulin action result in
a marked reduction in GSIS in islets treated with sertraline, a
potent SSRI. The mechanism underlying this action may
involve the activation of IRS-2 kinases such as GSK3�, which
promote phosphorylation of IRS-2 on selected inhibitory Ser
sites that results in the inhibition of insulin action (16). Sertra-
line also exerts long term inhibitory action on � cells that
involves induction of ER stress, activation of the UPR, and trig-
gering of � cell apoptosis. Hence, the combined short and long
term effects of sertraline impair � cell function and induce �
cell death.
Several lines of evidence support the above conclusions.

First, we could show that sertraline activates GSK3� that has
been previously implicated as an effective IRS kinase that inhib-
its the function of IRS proteins (42).We could further show that
introduction of siRNAs to GSK3� reversed this inhibitory
effect. We could also confirm previous observations that SSRIs
activate JNK and p38 MAPK (31, 37, 43) and showed that Tyr
phosphorylation of IRS-2 decreases in correlation with
increased activation of JNK1/2; however, we could not establish
a causal relation between these two events because JNK1/2
siRNA failed to reverse the inhibitory action of sertraline. It
could be argued that the partial inhibition of JNK expression
(�45%) by its siRNA is not high enough to knock down the
activity of this enzyme. Alternatively, a kinase upstream of JNK
could phosphorylate IRS-2.
Ser/Thr phosphorylation of IRS proteins can induce their

dissociation from the insulin receptor (44), hinder Tyr phos-

FIGURE 7. Effects of sertraline in isolated pancreatic islets. Murine islets
were infected 24 h after isolation with a recombinant adenovirus harboring
myc-IRS-2WT. 48 h thereafter, islets were treated for 2 h with 100 �M sodium
orthovanadate in the presence or absence of sertraline. Islets were then stim-
ulated with insulin (10 �M) for 10 or 60 min. Total cell extracts were prepared,
resolved by SDS-PAGE, and immunoblotted with anti-phospho-Tyr (�pY),
IRS-2, pAkt, or anti-actin antibodies. Densitometry represents mean � S.E. of
duplicate measurements of three independent experiments. ***, p � 0.001
compared with controls. A.U., Arbitrary Units; Min., Minutes.
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phorylation sites (45), release the IRS proteins from intracellu-
lar complexes that maintain them in close proximity to the
receptor (46), or induce IRS proteins degradation (47, 48).
These multiple effects suggest that the Ser sites subjected to
phosphorylation play a key role in regulating IRS-2 function.
Being a major constituent along the insulin signaling pathway,
inhibition of Tyr phosphorylation of IRS-2 by SSRIs prevents it
from coupling with downstream effectors that mediate the
metabolic and growth promoting functions of insulin. Akt
(PKB) is one such downstream effector, and indeed, we could
show that insulin fails to activateAkt in cells treatedwith SSRIs.
Short term treatment of pancreatic � cells with SSRIs also

inhibits GSIS. This could be attributed, at least in part, to the
inhibition of IRS-2 function,which is a knownmediator ofGSIS
(49). Indeed, as shown here and consistent with previous obser-
vations (38), a short term (1-h) inhibition of Tyr phosphoryla-

tion of IRS-2 is sufficient to impair GSIS. IRS-2 promotes tran-
scription of Pdx1, a transcription factor activated once its
repressor FOXO1 is inhibited through Akt phosphorylation
and nuclear exclusion (50, 51). PDX1 promotes the expression
of pro-insulin (52), Glut2 (53), and glucokinase (54), which all
contribute to increased insulin secretion. Insulin-induced gene
transcription is a rapid event (49); hence, inhibition of IRS-2
function could impede GSIS. An additional short term effect of
sertraline is the inhibition of the glucose-induced increase in
cellular reducing power and ATP content, a key step in insulin
secretion (39). This action of sertraline could bemediated by its
effects on GSK3�, as inclusion of GSK3� inhibitor attenuates
the effects of sertraline. Sertraline, however, does not affect
basal cellular reducing power required tomaintain cell viability
nor does it induce caspase 3/7 activity under these conditions. It
is presently unclear whether the inhibitory effects of sertraline

FIGURE 8. Effects of sertraline on insulin secretion. Min6 cells (A), mouse (B), and human (C) pancreatic islets were incubated for 1 h (A) or 2 h (B and C) with
KRBH buffer supplemented with 10 mM Hepes, 1 mg/ml BSA, and sertraline (30 �M) with no glucose (A), 2.5 mM glucose (B), or 3.3 mM glucose (C). The medium
was replaced by KRBH supplemented either with 20, 22.5, or 16.7 mM glucose, as indicated or with 2.5 mM glucose and the indicated concentrations of KCl or
KCl plus L-arginine, and incubation continued for additional 1 h. Insulin secretion was determined as described under “Experimental Procedures.” The amounts
of secreted insulin were normalized relative to the total insulin content (B) or total protein content (A). Data shown are mean � S.E. of three experiments carried
out in triplicates. **, p � 0.01; ***, p � 0.001 compared with controls. mU, milliunits; L, liter.

FIGURE 9. Effects of sertraline on cellular reducing power. A, Min6 cells were incubated for 1 h in KRBH buffer supplemented with 10 mM Hepes, 1 mg/ml BSA
in the absence or presence of 30 mM LiCl. Cell were further incubated for 1 h with the indicated concentrations of sertraline, before being incubated in the
presence or absence of 20 mM glucose for additional 15 min. Cellular reducing power was determined as described under “Experimental Procedures.” Data
shown are mean � S.E. of three experiments carried out in triplicates. B, mouse islets were treated with sertraline or staurosporine (STS) for 4 h, and caspase
activity was determined as described under “Experimental Procedures.” Data shown are mean � S.E. of three experiments carried out in triplicates. *, p � 0.05;
**, p � 0.01, ***, p � 0.001 compared with controls. A.U., Arbitrary Units.
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on glucose-induced increase in cellular reducing power and the
increased Ser/Thr phosphorylation of IRS-2 are linked events
or are two independent actions of sertraline that contribute
both to the inhibition of GSIS.
Long term (16-h) treatment with sertraline induces an ER

stress and the initiation of the UPR that triggers an apoptotic �
cell death. The induction of ER stress is associated with
increased levels of inducible nitric oxide synthase mRNA and
transcription of ATF4 and CHOP that are key constituents of
the UPR. Increased expression of CHOP induces apoptosis, a
well established effect of this protein (55). Although it is rea-
sonable to assume that the short term actions of sertraline
induce its long term effects, there is no direct proof for such a
connection. Hence, one cannot rule out the possibility that the
effects of sertraline on ER stress and the UPR occur independ-
ently of its inhibitory action on IRS-2 function and the cellular
reducing power. In support of this possibility are the observa-
tions that SSRIs can affect a number of independent cellular
processes. For example, fluoxetine decreases arteriolar myo-
genic tone by reducing smoothmuscle [Ca2	] (56), whereas the
tricyclic antidepressant imipramine reduces GSIS through a

calcium antagonistic action (57). Hence, the different inhibi-
tory actions of sertraline could be mediated by independent
cellular processes.
The SSRI binding partners that induce the different effects of

sertraline remain largely elusive. These targets are not neces-
sarily related to the main action of SSRIs as inhibitors of 5-hy-
droxytriptamine reuptake. For example, the SSRI fluoxetine is a
potent antagonist of muscular and neuronal nicotinic acetylcho-
line receptors (58) andan inhibitor of neuronalNa	 (59) channels.
Likewise, paroxetine inhibits the functions of muscarinic cholin-
ergic receptors (60) and membrane steroid transporters (61).
Hence, such activities could be part of themolecularmechanisms
underlying the ability of SSRIs to activate GSK3�.

The concentrations of SSRIs (5–30�M) required to induce its
effects are higher than those achieved with the current thera-
peutic use of these drugs for depression and anxiety-related
disorders (62). Yet, given that SSRIs are highly lipophilic and
could accumulate in tissues with an estimated ratio of 20:1 or
even 43:1 (63, 64) and given that the concentration of sertraline
found in plasma is �60 ng/ml (�0.15 �M) (65), it suggests that
low micromolar concentrations could be well within the phys-

FIGURE 10. Long-term effects of Sertraline on caspase activity and viability of Min6 cells. A and B, Min6 cells remained untreated (open bars) or were
treated with 30 mM LiCl (black bars) or BIO X (gray bars) for 1 h before being treated with 10 �M sertraline for 16 h. Caspase 3/7 activity (A) and cellular reducing
power (B) were then determined as described under “Experimental Procedures.” C, Min6 cells were transfected with siRNA to JNK1/2 SMARTpools (50 nM) (black
bars) or with non-targeting (NonT) control siRNAs (open bars). 48 h post-transfection, cells were treated with 10 �M sertraline for 16 h. Caspase 3/7 activity was
then determined. D, Min6 cells were incubated for 16 h with the indicated concentrations of sertraline. Cells were collected, stained with propidium iodide (PI)
or annexin V, and were analyzed by FACS. Outputs were gated and quantified for propidium iodide-positive cells (Q1), live cells (Q2), annexin V and PI-positive
cells (Q3), or annexin V-positive cells (Q4). Data shown are mean � S.E. of three (A and B) and two (C and D) experiments carried out in triplicates. *, p � 0.05; **,
p � 0.01; ***, p � 0.001 compared with controls.
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iological range. Indeed, an average concentration of 13 �M flu-
oxetine was found in brains of 12 subjects on a daily dose of
10–40 mg (64). This could be especially relevant for elderly
subjects where plasma concentrations of drugs at steady state
and their half-life elimination are generally prolonged (66).
In conclusion,we have demonstrated that SSRIs are potential

inducers of insulin resistance, acting by directly inhibiting the
insulin signaling cascade in � cells. We provide evidence which
implicates GSK3� and possibly other IRS kinases as key medi-
ators of the inhibitory action of SSRIs. We show that these
effects involve inhibition of IRS-2 protein function and inhibi-
tion of GSIS.We further show that SSRIs inhibit the increase in
cellular reducing power stimulated by glucose, activate ER
stress, trigger the UPR, and induce apoptosis. Given that SSRIs
promote obesity and insulin resistance but inhibit insulin secre-
tion, theymight accelerate the transition from an insulin resist-
ant state to overt diabetes. Further studies are therefore
required to assess the clinical relevance of our findings and to
devise effective means to block the adverse metabolic changes
induced by SSRIs.
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